Abstract This work reports the experimental results on the characteristics of radio frequency dielectric barrier N2/Ar discharges. Depending on the nitrogen content in the feed gas and the input power, the discharge can operate in two different modes: a homogeneous glow discharge and a constricted discharge. With increasing input power, the number of discharge columns increases. The discharge columns have starlike structures and exhibit symmetric self-organized arrangement. Optical emission spectroscopy was performed to estimate the plasma temperature. Spatially resolved gas temperature measurements, determined from NO emission rotational spectroscopy were taken across the 4.4 mm gap filled by the discharge. Gas temperature in the middle of the gas gap is lower than that close to the electrodes.
Introduction
Radio frequency (RF) sources for plasma production at low pressures are highly developed and used in many areas, such as material deposition, surface modification and sterilization [1∼3] . However, the use of high frequency power to generate plasma at atmospheric pressure is a relatively new development [4, 5] . Compared with low pressure discharges, atmospheric pressure radio frequency discharges do not require expensive and complicated vacuum systems, which means the capital costs of equipment could be reduced remarkably. This has promoted the recent development of the RF atmospheric pressure glow discharge plasma source. PARK et al. [6] studied the gas breakdown in an atmospheric pressure capacitive plasma source and concluded that the product of the pressure and discharge gap spacing has a great effect on the gas breakdown. SHI and KONG [7, 8] reported their experimental and computational studies on different glow modes, namely the α mode, the α-γ transition mode and the γ mode, in radio-frequency atmospheric glow discharges (RF APGD). They pointed out that the mode transition can be attributed to sheath breakdown. WANG et al. [9] investigated the characteristics of RF APGD with air using bare copper electrodes. The I-V characteristics show the plasma operating steadily in γ mode with air as the discharge gas. MOON and CHOE [10] developed a new slit-type experimental setup in which the electrodes were covered by alumina plates to produce a stable uniform glow plasma. They found that the dielectric materials can limit the overcurrent leading to arc. SHI et al. [11] investigated in detail the effect of dielectric barriers in radio-frequency atmospheric glow discharges. A complementary simulation was also presented on the dynamics and structure of RF dielectric barrier discharge (DBD) under different operational conditions.
The present work reports investigations on the characteristics of radio frequency N 2 discharges with a piece of dielectric fused silica sheet inserted into two parallel copper electrodes. The space-resolved gas temperature profiles were determined from NO emission rotational spectroscopy.
Experimental setup
The experimental setup used in this work is similar to that employed in previous experiments [12] , and so only a short description of experimental assemblies is given here. The RF-DBD reactor consists of a pair of brass plane-parallel electrodes (100×100 mm 2 in area) cooled by circulating water. The lower powered electrode is covered by a dielectric fused-silica plate (1 mm in thickness and 140×140 mm 2 in area), and the gas spacing between the upper grounded electrode and the fusedsilica plate can be varied from 1.1 mm to 5.5 mm. The RF power supply source, which was connected to the electrodes through an automatic matching net, is capable of supplying a bipolar sine wave output of 1000 W at the frequency of 13.56 MHz.
The plasma forming gas, argon, nitrogen or their mixture, were introduced into the plasma generator from one side and flowed out from the other side. Both the gas flows were regulated by means of calibrated mass flow controllers.
The time-dependent plasma images were taken with an intensified charge-coupled device (ICCD) camera (Princeton Instruments, PI-MAX2). For time-averaged images, a digital camera (Sony DSC-H5) with an exposure time of 1/600 s was used. Optical emission from RF DBD plasma was analyzed by using an AvaSpec Multichannel Fiber Optic Spectrometer, equipped with five 75 mm focal length spectrometer channels, all consisting of 2048 pixel CCD detectors, holographic diffraction gratings of 1800 grooves/mm, and 10 µm slit widths (spectral resolution in a 0.07∼0.12 nm range). The wavelength ranges for every channel were 200∼360 nm, 360∼505 nm, 505∼625 nm, 625∼725 nm and 725∼910 nm, respectively. In order to make spatially resolved measurements, a needle tube, 700 µm in inner diameter and 150 mm in length, was placed in front of the fiber to collect only parallel light from the emission between electrodes.
3 Results and discussion voltage dependence of the RMS discharge current for different nitrogen gas contents in the feed gas. The first point for each I-V curve at low RMS current represents the minimum value of applied voltage below which the discharge will be extinguished. With increasing nitrogen gas content, the minimum applied voltage increases from 350 V (corresponding to a discharge gas of pure argon) to 1700 V (corresponding to a discharge gas of pure nitrogen). It can been seen from Fig. 1(a) that the RMS voltage across the discharge gas increases almost linearly in the low RMS current region, and the photographs of the discharge show a homogeneous discharge which means that the discharge is in the normal glow mode (α mode). When the discharge current increases to some critical thresholds, the discharge evolves into different operation regimes in which the discharge voltages vary little or decrease slightly with increasing discharge currents. The corresponding photographs of the discharge represent several discharge columns. Close to the grounded electrode, it shows constricted characteristics; however, on the side of the power electrode with a single barrier, it shows a diffuse and homogenous discharge which covers only part of the discharge barrier. Its characters are very likely that of the γ mode. When the nitrogen content exceeds a value of 20% (N 2 : 200 sccm, Ar : 1800 sccm), the discharge can operate only in the γ mode, as shown in Fig. 1(b) . Fig. 2 shows the influence of input power on the quantities of the discharge column (pure N 2 RF DBD, N 2 flow = 2 slm, discharge gap = 4.4 mm). With increasing input power, the number of the discharge column increases, and the area of the discharge column arrangement also increases. There is only one stationary discharge column across the gas gap, corresponding to the input power of 136 W. When the input power is raised to 260 W, the number of the discharge column becomes two. With a further rise of input power (345 W), the third discharge column appears. However, it seems that the discharge columns are not arranged in line if we look at the images (Fig. 2(c) and (d) ) carefully. In order to determine the arrangement of the discharge columns, a transparent solution electrode, instead of the upper copper grounded electrode, was used to generate the discharge. The solution electrode consists of a fused-silica case (105×140×40 mm 3 ), filled with an aqueous solution of salt (10% in mass), and a grounded metallic wire immersed in the fused-silica case. The cycling salt aqueous solution also serves as a coolant, which is a key factor to obtain a stable discharge in atmospheric pressure RF plasma. The 3 mm thick wall of the fused-silica case serves as the dielectric layer (the initial 1 mm thick dielectric layer is removed) and the discharge is ignited in the gap between the solution electrode and the lower RF power electrode. Fig. 2 (e)∼(h) show the arrangements of one to five discharge columns, which exhibit quite symmetric self-organized arrangements. If we take a closer look at a single discharge column, it can be seen that the discharge has a starlike structure. With increasing the input power, the quantities of discharge columns increase, and boundaries among different discharge columns appear clearly. Although the self-organization and pattern formation in an atmospheric plasma discharge, such as direct current, dielectric barrier and pulsed radio frequency discharges, have been studied for several decades [13∼15] , the formation of the plasma pattern has not been understood well. The most possible reason for this is the "memory" effect in the dielectric barrier because the charges deposited on the dielectric barrier layers by previous discharge cycles lead to the formation of a certain specific plasma pattern. SHIRAFUJI et al. [16] proposed that there are two kinds of forces between the discharge columns: the Lorentz attractive force and the Coulomb repulsive force. The competition of these two kinds of force and the confinement potential of the discharge columns results in the formation of certain plasma patterns.
Regarding the time-dependent light emission of the RF plasma, the emission intensity was measured by means of an ICCD camera with a gate width of 2 ns. We accumulated the light emission of the same period of the discharge current from 100 RF cycles, then shifting the gate 2 ns with a delay time of 0.63 ns. Because one RF period is 73.75 ns, 28 consecutive time slots were recorded. Fig. 3 shows a typical set of plasma images of RF DBD N 2 discharge with gas spacing of 4.4 mm and at t = 0, T /4, T /2 and 3T /4 with T being the RF period. The optical emission is periodically localized near the electrodes. At T /4, a bright thin layer appears near the fused-silica dielectric layer and several bright spots are evident near the top electrode at 3T /4. Fig. 4 shows a typical optical emission spectrum produced by RF N 2 discharge at atmospheric pressure with input power P in = 270 W and gas gap d = 4.4 mm. The emission spectrum consists mainly of
) and NO(B 2 Π → X 2 Π). In atmospheric pressure RF DBD N 2 plasmas, electrons can be accelerated by the electric field to a high kinetic level. The inelastic collisions of the energetic electrons with nitrogen molecules result in the excitation and ionization processes of N 2 to
). A γ band of NO was detected due to the reaction of atomic nitrogen (generated via electron dissociation collision with nitrogen) with oxygen molecules, which were derived from the impurities or an inmixing with the surrounding atmosphere. In non-equilibrium plasmas, the electronic and vibrational population distributions are believed to depart from Boltzmann distributions at the gas temperature, but the rotational populations tend to follow a Boltzmann distribution because of fast rotational relaxation at atmospheric pressure. Hence the gas temperature can be derived from the intensity distribution of rotational lines. LIFBASE is a software program to chart the spectroscopy of diatomic molecules, covering OH, OD, NO, CH, CN, CF, SiH and N Fig. 6 shows spatially resolved rotational temperature measurements made by optical emission spectroscopy from the lineshape of NO. If we defined the upper surface of the dielectric barrier layer as position zero, the rotational temperature declines initially as the distance from the barrier layer increases, but rises with its further increase, which means that the rotational temperature in the middle of the gas gap is lower than that close to electrodes. As pointed out previously, the discharge with pure N 2 can operate only in γ mode. In the γ mode, electron avalanches develop in the electrode sheaths, the gas ionization by electron collision takes place in the sheath region, and the electrons produced reach a maximum near the boundaries between the electrode sheaths and the quasineutral plasma. In addition, many electrons can be substantially accelerated in the electrode sheaths, resulting in the occurrence of maximum electron energy near the electrode surface. In summary, the electron density and electron energy near the electrodes are all much higher than those at the center of the gas gap, which makes the maximum of NO rotational temperature locate near electrodes.
Conclusion
The experimental results presented in this paper show that two kinds of discharge mode, the homogeneous glow discharge and the constricted discharge, can be obtained in atmospheric pressure radio frequency dielectric barrier N 2 /Ar discharges. In the constricted discharge mode, the arrangement of the discharge columns is confined around the center on the metallic electrode. By comparing measured and simulated optical emissions of NO, the spaced-resolved gas temperature has been found to be between 1800 K and 2000 K.
